directly activated by cAMP (Epac) (26, 28, 62) . Two variants of Epac exist (Epac1 and Epac2) (10, 40) , both of which couple cAMP production to the activation of Rap1, a small GTPase of the Ras family (5) . Using an Epac2-knockout mouse, Shibasaki et al. (63) provided evidence that the Epac2-mediated activation of Rap1 in ␤-cells plays an essential role in the cAMPdependent potentiation of glucose-stimulated insulin secretion (GSIS). Thus, the existence of Epac2 in ␤-cells may explain prior reports that cAMP-elevating agents such as the blood glucose-lowering hormone glucagon-like peptide-1-(7-36) amide (GLP-1) exert novel PKA-independent actions to control rodent and possibly human islet function (3, 15, 20, 34, 39, 42, 44, 48, 51, 60, 64, 71) .
The main objective of the present study was to extend on such prior investigations to determine what role Epac2 might play in human islet insulin secretion. To achieve this goal, we evaluated potential insulin secretagogue properties of a newly developed "prodrug," acetoxymethyl (AM) ester of an Epacselective cAMP analog (ESCA-AM). This compound is 8-pCPT-2=-O-Me-cAMP-AM, a cAMP analog first synthesized by Vliem et al. (69) . 8-pCPT-2=-O-Me-cAMP-AM exhibits high lipophilicity and quickly crosses the plasma membrane of ␤-cells (7), thereby allowing it to be intracellularly metabolized and converted by cytosolic esterases into its active non-AM ester form (69) . Importantly, intracellular 8-pCPT-2=-O-Me-cAMP generated in this manner retains its selectivity as an activator of Epac (7, 69) . In fact, 8-pCPT-2=-O-Me-cAMP is established to be a "superactivator" of Epac, whereas it has little capacity to activate PKA when tested at low micromolar concentrations (9, 16, 29, 57) .
We now report that, in isolated human islets, 8-pCPT-2=-OMe-cAMP-AM (10 M) exerted a potent insulin secretagogue action to potentiate first-and second-phase GSIS. This action of 8-pCPT-2=-O-Me-cAMP-AM was associated with ␤-cell depolarization and an increase of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) that reflected both Ca 2ϩ influx and intracellular Ca 2ϩ mobilization. Unexpectedly, and in contrast to what was reported previously in studies of mouse islets or rat INS-1 cells (7, 42) , treatment of human islets with an inhibitor of PKA catalytic activity (H-89) or treatment with a cAMP antagonist that blocks PKA activation (Rp-8-CPT-cAMPS) abrogated the action of 8-pCPT-2=-O-Me-cAMP-AM to potentiate GSIS. Despite such observations, assays of cAMP response elementbinding protein (CREB), Kemptide, or A-kinase activity reporter 3 (AKAR3) biosensor phosphorylation status demonstrated that 8-pCPT-2=-O-Me-cAMP-AM (1-10 M) failed to activate PKA in human islets or human ␤-cells. Therefore, findings reported here demonstrate a previously unappreciated role for PKA in support of human islet insulin secretion that is both glucose dependent and Epac regulated. We propose that this permissive action of PKA is operative at the insulin secretory granule "recruitment, priming, and/or postpriming steps" of Ca 2ϩ -dependent exocytosis (49, 60, 66) .
MATERIALS AND METHODS
Cell culture of human islets and ␤-cells. Human islets of Langerhans obtained posthumously from anonymous donors were provided under the auspices of the National Institutes of Health, National Center for Research Resources, National Islet Cell Resource Centers. Primary cultures of human islets were maintained in a humidified incubator containing 95% air and 5% CO 2 at 37°C in CMRL-1066 modified culture medium (Mediatech; cat. no. 99-603-CV) containing 10% (vol/vol) fetal bovine serum (34) . For single-cell studies, suspensions of islet cells were prepared by digestion of the islets with trypsin-EDTA, and single cells were plated onto glass coverslips (25CIR-1; Fisher Scientific) coated with 1 mg/ml concanavalin A (type V; Sigma-Aldrich). ␤-Cells were identified by fluorescence microscopy after infection of cultures with adenovirus (Ad.RIP2-EYFP) directing expression of enhanced yellow fluorescent protein (EYFP) under the control of the rat insulin 2 (RIP2) gene promoter (34) .
Islet perifusion assay for secreted insulin. After overnight culture, islets were transferred to Millipore Swinnex 13-mm-diameter filter chamber holders (20 islets/chamber) for perifusion, as described previously (41) . The perifusate was Krebs-Ringer buffer (KRB) that contained 24 mM sodium bicarbonate and which was gassed with 95% air and 5% CO 2 (pH 7.4). Perifusion (1 ml/min) was initiated at 37°C in KRB containing 3 mM glucose. During the first 30 min of perifusion, the insulin secretory rate decreased to a stable level (41) . Subsequently, 1-ml fractions of the perifusate were collected for a total of 15 min, after which the composition of the perifusate was switched to KRB containing 10 mM glucose. Again, 1-ml fractions of this 10 mM glucose KRB perifusate were collected, and insulin present within individual fractions of the 3 and 10 mM glucose KRB perifusates was measured by radioimmunoassay (Sensitive Rat Insulin RIA, cat. no. SRI-13K; Millipore).
Static incubation assay for secreted insulin. After overnight culture in CMRL-1066 medium, human islets were transferred to MilliCell-PCF culture plate filter inserts (cat. no. PIXP01250; Millipore) at a density of ϳ40 islets/insert. The inserts were mounted within individual wells of a 24-well cell culture plate (Falcon 353047), and each well of the plate was filled with 1 ml of KRB containing 24 mM sodium bicarbonate and the indicated concentrations of glucose (pH 7.4). Culture plates containing these islets were then placed within a cell culture incubator gassed with 95% air and 5% CO 2 at 37°C. Prior to the start of an experiment, islets were exposed to 2.8 mM glucose KRB for 30 min. The inserts containing islets were then transferred between adjacent wells on the plate to measure basal and stimulated insulin secretion. For each test solution, the duration of exposure was 30 min. A 200-l fraction of each solution to which the islets were exposed was then collected and assayed for insulin content by an enzyme-linked immunosorbent assay (Mercodia Ultrasensitive Rat Insulin ELISA, cat. no. 10-1137-01) after appropriate dilution of samples.
Ser 133 CREB phosphorylation assay. The Ser 133 phosphorylated form of transcription factor CREB was assayed by Western blot analysis using an anti-phospho-Ser 133 CREB polyclonal antiserum (cat. no. 9191; Cell Signaling Technology). Immunoreactivity corresponding to the phosphorylated and nonphosphorylated forms of CREB (i.e., total CREB) was measured using a monoclonal antibody (48H2, cat. no. 9197; Cell Signaling Technology). A horseradish peroxidase-conjugated secondary antiserum (cat. no. A6667; SigmaAldrich) was used in combination with these two primary antisera. Immunoreactivity was imaged using a SuperSignal West Pico ECL detection system (Thermo Scientific) and a ChemiDoc XRS gel documentation system (Bio-Rad).
PKA activation assay. PKA activity in lysates of human islets was measured using a PepTag nonradioactive cAMP-dependent protein kinase assay (Promega). Prior to their lysis, islets were exposed to AM esters of PKA-or Epac-selective cAMP analogs for 30 min while being equilibrated at 37°C in CMRL-1066 medium containing 5.6 mM glucose and gassed with 95% air and 5% CO 2. Islets were homogenized in a PKA extraction buffer, after which the crude homogenate was subjected to centrifugation (14,000 g) for 5 min at 4°C. The supernatant fraction was collected and assayed for PKA activity by addition of PepTag A1 peptide, which is a fluorescent Kemptide (LRRASLG) (43) . The phosphorylated form of PeptTag A1 peptide was resolved by electrophoresis on a 0.8% agarose gel (100 V, 15 min) and quantified using a ChemiDoc XRS and Quantity One image analysis software (Bio-Rad).
Imaging of AKAR3. Human ␤-cells adherent to glass coverslips were imaged using a Nikon Ti inverted microscope equipped with an NA 1.45 TIRF objective (ϫ60), a Photometrics Cascade 512b EMCCD camera (Roper Scientific), and a chameleon-2 filter set (Chroma Technology) comprised of a D440/20 excitation filter, a 455DCLP dichroic, and D485/40 [cyan fluorescent protein (CFP)] or D535/30 [yellow fluorescent protein (YFP)] emission filters (7) . Experiments were performed 36 -42 h after transduction, with adenovirus directing expression of AKAR3. AKAR3 incorporates CFP at its NH 2 terminus and YFP at its COOH terminus (1) . A phosphoamino acid-binding domain and a PKA substrate motif (LRRATLVD) within AKAR3 together act as a linker so that AKAR3 undergoes a conformational change in response to its phosphorylation by PKA. Fluorescence resonance energy transfer (FRET) between CFP (donor) and YFP (acceptor) increases in response to PKA-dependent phosphorylation of AKAR3 so that the PKA-phosphorylated form of AKAR3 exhibits an increase of the YFP/CFP (535/485 nm) emission ratio. ␤-Cells expressing AKAR3 were bathed in a standard extracellular saline (SES) solution containing (in mM): 138 NaCl, 5.6 KCl, 2.6 CaCl 2, 1.2 MgCl2, 11.1 glucose, and 10 HEPES (295 mOsm, pH 7.4). Ratiometric analysis of the emitted light corresponding to fluorescence originating within a defined region of the cytoplasm was performed, and images were acquired and processed using Metafluor version 7.5 (Molecular Devices) (7) .
Measurement of [Ca 2ϩ ]i. Human islets or ␤-cells adherent to glass coverslips were equilibrated in SES supplemented with 2% FBS, 1 M fura-2 AM, and 0.02% Pluronic F-127 (wt/vol) (Invitrogen). Exposure to fura-2 AM was for 20 -30 min at 22°C, after which the loading solution was removed and the preparations were washed and equilibrated in fresh SES for 10 min at 22°C (34) . Fura-2 spectrofluorimetry was performed ratiometrically at 1-s intervals at 32°C using a video imaging system (IonOptix) interfaced with a TE300 inverted microscope (Nikon) equipped with a temperature-controlled stage (Medical Systems) and ϫ100 or ϫ40 Nikon SuperFluor oil immersion objectives for the imaging of single ␤-cells or whole islets, respectively.
Simultaneous measurements of [Ca 2ϩ ]i and membrane potential. Human ␤-cells adherent to glass coverslips were loaded with fura-2, as described above. [Ca 2ϩ ]i was calculated according to the method of Grynkiewicz et al. (18) . Calibration of the raw fluorescence values was performed using fura-2 (K ϩ )5 salt dissolved in calibration buffers obtained from Invitrogen (Calcium Calibration Kit 1 with Mg 2ϩ ). For cells expressing EYFP, the filter sets chosen allowed accurate measurements of [Ca 2ϩ ]i, as described previously (32, 34, 35) . Current clamp measurements of the membrane potential were obtained from these same fura-2-loaded cells using the perforated patch technique and an EPC-9 amplifier under the control of PatchMaster software (HEKA Instruments). Patch pipettes pulled from borosilicate glass (Kimax-51, tip resistance 2-3 M⍀) were fire polished and tip-dipped in a pipette solution containing (in mM): 10 KCl, 10 NaCl, 70 K2SO4, 7 MgCl2, 10 HEPES, and 0.5 EGTA (300 mOsm, pH 7.35) and back filled with the same solution containing nystatin (240 g/ml). The series resistance (Rs) was monitored following seal formation, and experiments were conducted when Rs declined to 12-25 M⍀ (25) .
UV flash photolysis for liberation of caged Ca 2ϩ . Human ␤-cells were bathed for 60 min at 23°C in SES containing cell-permeable caged Ca 2ϩ (NP-EGTA-AM, 5 M; Invitrogen). The loading solution also contained 1 M fura-2 AM, 2% FBS, and 0.02% Pluronic F-127. Uncaging of Ca 2ϩ was achieved using a flash photolysis system (Model JML-C2; Rapp OptoElectronic), as described previously (35) . The excitation light of 80-J intensity and 600-s duration was filtered using a short-pass filter (cutoff 390 nm) and was delivered to the specimen by way of the microscope's objective. The intensity and duration of the flash were minimized so that no photobleaching of fura-2 was observed. The intensity of 340 and 380 nm excitation light for detection of fura-2 was also reduced to be so low as to produce no measurable uncaging of Ca 2ϩ . Quantitative PCR for Epac. RNA was isolated from human islets using RNEasy kits (Qiagen). RNA concentration and purity was assessed using a NanoDrop ND-1000 spectrofluorimeter. Quantitative PCR (QPCR) reactions were performed using QuantiTect SYBR green one-step kits (Qiagen) with ϳ100 ng of template RNA. Reactions were performed using an MJ MiniOpticon cycler with 40 cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 30 s, followed by a melting curve analysis from 60 to 94°C. Products were then run on 2% agarose gels, products were gel extracted using QIAquick kits (Qiagen), and product identity was confirmed by sequencing. The PCR primers were Epac1 (sense, CATGGCAAGGGGCTGGTGAC; antisense, GTCCTGCTTGTCCACACGCAG) and Epac2 (sense, CGCCATGCAA-CCATCGTTACC; antisense, GAGCCCGTTTCCATAACACC). Ribosomal S18 subunit mRNA was used as the reference template with the following primers: sense, GCCATCACTGCCATTAAGGG; antisense, CCAGTCTGGGATCTTGTACTG. Primers were tested at different starting template concentrations to validate their equal efficiencies. Threshold crossing (C T) values were set manually, and the difference between the CT value for S18 and Epac mRNAs (⌬CT) was calculated for each reaction. ⌬CT values were entered into Origin 8 software for analysis using ANOVA.
Analysis of insulin secretion data. The repeatability of all findings was confirmed by performing each experiment a minimum of two times. Statistical analysis was performed using Student's paired t-test and SigmaStat (Systat Software). A P value of Ͻ0.05 was considered significant. Values for the area under the curve (AUC) describing first-and second-phase insulin secretion were calculated using Origin 8 software.
Sources of additional reagents. cAMP analogs and phosphate-AM 3 were synthesized by Biolog Life Science Institute. H-89, forskolin, IBMX, diazoxide, nifedipine, and ryanodine were from SigmaAldrich. AKAR3 in pcDNA 3.0 was obtained from J. Zhang and subcloned into a shuttle vector for production of adenovirus. The Ad.AKAR3 virus was used at multiplicities of infection equivalent to 100 -200.
Administration of test substances to single cells. Test substances dissolved in SES were applied to single cells under microscopic examination using borosilicate glass "puffer" micropipettes (cat. no. 1B150-6; World Precision Instruments). The pipettes were under the control of a Narishige International hydraulic micromanipulator, and they were pressurized with a PicoSpritzer II pneumatic pressure ejection system (General Valve). The rapid "on" and "off" kinetics of this drug delivery system are as described previously (25) .
RESULTS

Potentiation of first-and second-phase GSIS by 8-pCPT-2=-O-Me-cAMP-AM.
To evaluate potential insulin secretagogue properties of 8-pCPT-2=-O-Me-cAMP-AM, human islet insulin secretion was monitored under standard conditions of islet perifusion (41) . When human islets were perifused with KRB containing 3 mM glucose, a basal rate of insulin secretion equivalent to ϳ11 pg·min Ϫ1 ·islet Ϫ1 was measurable (Fig. 1A) . If the glucose concentration was then increased to 10 mM, the rate of insulin secretion increased and then subsequently declined to a new plateau value (Fig. 1A) . Consistent with prior studies (41), we refer to the initial peak of insulin secretion as first-phase GSIS, whereas the plateau is defined as secondphase GSIS.
If 8-pCPT-2=-O-Me-cAMP-AM (10 M) was included in the initial perifusate containing 3 mM glucose, the basal rate of insulin secretion was not significantly different from the control value measured in its absence (Fig. 1, A and B) . However, a potentiation of first-and second-phase GSIS was measured when the perifusate was switched to KRB containing 10 mM glucose and 10 M 8-pCPT-2=-O-Me-cAMP-AM (Fig. 1, A  and B) . By calculating the AUC for the insulin secretion rate vs. time relationship (Fig. 1B) , it was determined that 8-pCPT-2=-O-Me-cAMP-AM potentiated first-and second-phase GSIS by 1.54-and 2.01-fold, respectively. No such potentiation of GSIS was measured when islets were instead treated with phosphate-AM 3 (3.3 M; data not shown), which served as a control for metabolites generated as a consequence of AM ester hydrolysis (phosphate-AM 3 liberates 3-mol equivalents of acetic acid and formaldehyde per mol of phosphate when it is hydrolyzed by intracellular esterases). Thus, 8-pCPT-2=-O-MecAMP-AM acted in human islets to exert a glucose-dependent insulin secretagogue action measurable as the potentiation of first-and second-phase GSIS.
PKA activity supports stimulatory actions of 8-pCPT-2=-OMe-cAMP-AM on human islet insulin secretion.
Under conditions of static incubation in which human islets were equilibrated in KRB containing 2.8 mM glucose, a subsequent elevation of the glucose concentration to 10 mM resulted in a 2.7-fold stimulation of insulin secretion ( Fig. 2A) . GSIS measured in this assay was potentiated an additional 1.5-fold by 8-pCPT-2=-O-Me-cAMP-AM (10 M). The prosecretagogue action of 8-pCPT-2=-O-Me-cAMP-AM was dose dependent over a concentration range of 1-10 M (data not shown), and the magnitude of the effect of 10 M 8-pCPT-2=-O-MecAMP-AM was similar to that which was measured when islets were instead treated with 10 M of dibutyryl-cAMP-AM (Bt2-cAMP-AM; Fig. 2A) , which is the AM ester of a selective PKA activator (61) . Similarly, 10 M of the AM ester of the PKA-selective cAMP analog N 6 -benzoyladenosine-cAMP (6-Bnz-cAMP) (9) also potentiated GSIS (Fig. 2A) .
Having established that AM esters of Epac-and PKAselective cAMP analogs potentiate GSIS in this static incubation assay, we next sought to assess whether insulin secretion was modified by treatment of human islets with either H-89, an inhibitor of PKA catalytic activity (8), or membrane-permeable Rp-8-CPT-cAMPS, an inhibitor of PKA activation (12) . In the absence of PKA inhibitors, the basal rate of insulin secretion was determined to be 24.6 ng·ml Ϫ1 ·30 min Ϫ1 , and this value was reduced to 21.6 and 18.5 ng·ml Ϫ1 ·30 min Ϫ1 for islets treated with H-89 (10 M) or Rp-8-CPT-cAMPS (200 M), respectively (Fig. 2B) . Thus, basal insulin secretion measured in this static incubation assay exhibited significant PKA dependence. If the glucose concentration was then raised from 2.8 to 10 mM in the absence of PKA inhibitors, the rate of insulin secretion increased to 66.4 ng·ml Ϫ1 ·30 min Ϫ1 , equivalent to a 2.7-fold increase over basal levels (Fig. 2C) . Remarkably, this action of 10 mM glucose was reduced in a quantitatively identical manner upon treatment of islets with H-89 or Rp-8-CPT-cAMPS. Thus, a 1.5-fold stimulation of insulin secretion was measured in islets treated with either 10 M H-89 (Fig.  2C) or 200 M Rp-8-CPT-cAMPS (Fig. 2D) . It may be concluded that GSIS measured in this manner was also significantly dependent on PKA activity.
We next sought to determine what effect PKA inhibitors might exert under conditions in which GSIS was potentiated by 8-pCPT-2=-O-Me-cAMP-AM. It was first determined that, in the absence of PKA inhibitors, combined administration of 10 mM glucose and 10 M 8-pCPT-2=-O-Me-cAMP-AM resulted in a fourfold stimulation of insulin secretion (Fig. 2C) . Furthermore, phosphate-AM 3 failed to potentiate GSIS under these conditions (Fig. 2C) . Unexpectedly, the action of 8-pCPT-2=-O-Me-cAMP-AM to potentiate GSIS was abrogated in a quantitatively identical manner upon treatment of islets with H-89 or Rp-8-CPT-cAMPS (Fig. 2, C and D) . Thus, a 1.7-fold stimulation of insulin secretion was measured in islets treated with either 10 M H-89 (Fig. 2C) or 200 M Rp-8-CPT-cAMPS (Fig. 2D) . It may be concluded that the action of 8-pCPT-2=-O-Me-cAMP-AM to potentiate GSIS was strongly dependent on PKA activity.
Evidence that 8-pCPT-2=-O-Me-cAMP-AM fails to activate PKA in human islets. It was next determined whether an unexpected action of 8-pCPT-2=-O-Me-cAMP-AM to stimulate PKA might explain how it potentiated GSIS. To evaluate this possibility, assays of human islet PKA activity were performed under conditions identical to those used for assays of insulin secretion. We found that 8-pCPT-2=-O-Me-cAMP-AM (10 M) failed to promote Ser 133 phosphorylation of CREB, a known substrate of PKA (Fig. 3A) (53) . However, the Ser (Fig. 3A) .
To obtain independent confirmation that 8-pCPT-2=-O-MecAMP-AM failed to activate PKA in human islets, an in vitro assay of PKA catalytic activity was performed. Islets were exposed to 8-pCPT-2=-O-Me-cAMP-AM (10 M) for 30 min, and lysates of these islets were then prepared. To each lysate a fluorescent PepTag derivative of the PKA substrate Kemptide [LRRASLG] was added (43) . The unphosphorylated and phosphorylated forms of Kemptide were then resolved on the basis of their differential electrophoretic mobilities on an agarose gel (Fig. 3B ). This analysis demonstrated that 0.3-10 M of the AM ester of the PKA-selective cAMP analog 6-Bnz-cAMP (9) stimulated phosphorylation of Kemptide in a dose-dependent manner (Fig. 3B 1 ) . However, 8-pCPT-2=-O-Me-cAMP-AM (1-10 M) was completely without effect (Fig. 3B 2 ) .
Since the limited temporal resolution of the above-summarized in vitro assays might preclude accurate detection of transient PKA activation within human islets, live-cell imaging was performed to determine whether 8-pCPT-2=-O-Me-cAMP-AM activated AKAR3, a biosensor that is a substrate for PKA (1) and that we expressed by viral transduction of human islets. Control experiments demonstrated that AKAR3 exhibited the expected increase of 535/485 nm FRET emission ratio when single human islet cells were treated with KRB containing 2 M forskolin and 100 M IBMX (Fig. 3C 1 ) . This increase of emission ratio was a consequence of PKA activation because it was reversed during treatment of cells with H-89 (Fig. 3C 1 ) . It was then demonstrated that AKAR3 reported PKA activation in response to the PKA-selective cAMP analog 6-BnzcAMP-AM (10 M), whereas an equivalent concentration of 8-pCPT-2=-O-Me-cAMP-AM exerted little or no effect (Fig. 3,  C 2 and C 3 ). Therefore, it may be concluded that the insulin secretagogue action of 8-pCPT-2=-O-Me-cAMP-AM reported here most likely did not result from an unexpected action of this cAMP analog to activate PKA in human islets.
8-pCPT-2=-O-Me-cAMP-AM stimulates an increase of [Ca 2ϩ
] i in human islets and ␤-cells. Since insulin secretion is Ca 2ϩ dependent (23), we sought to establish whether 8-pCPT-2=-O-MecAMP-AM increased [Ca 2ϩ ] i in human islets. Under conditions in which a human islet was equilibrated in SES containing 5.6 mM glucose, the extracellular application of 8-pCPT-2=-O-Me-cAMP-AM (1 M) stimulated an increase of [Ca 2ϩ ] i that appeared across the entire islet (Fig. 4, A 1  and A 2 ). Nearly identical findings were obtained in assays of five additional islets from three donors. No such effect of 8-pCPT-2=-O-Me-cAMP-AM was measured when islets were equilibrated in SES containing 2.8 mM glucose (5 islets tested).
To determine whether 8-pCPT-2=-O-Me-cAMP-AM increased [Ca 2ϩ ] i in ␤-cells of human islets, the islets were dispersed and single islet cells plated onto glass coverslips. The ␤-cells were identified on the basis of insulin gene promoterdirected EYFP expression (34) . This approach was guided by our prior finding that the non-AM ester of 8-pCPT-2=-O-MecAMP (100 M) stimulated a transient increase of [Ca 2ϩ ] i accompanied by a brief burst of exocytosis in human ␤-cells (34 (Fig. 5A 1 ) . Although the initial increase of [Ca 2ϩ ] i exhibited a lag time, this delay was not explained by the kinetics of the drug delivery system (25) . Instead, it reflected the fact that 8-pCPT-2=-O-Me-cAMP-AM must be metabolized to its non-AM ester form in order for it to activate Epac (69). The delay may also be explained by the latency of downstream signaling events that are Epac regulated (5, 26, 28) .
When human ␤-cells were equilibrated in SES containing 5.6 mM glucose, the action of 8-pCPT-2=-O-Me-cAMP-AM to increase [Ca 2ϩ ] i was dose dependent over a concentration range of 0.3-10 M (data not shown). This action of 8-pCPT-2=-O-Me-cAMP-AM was also glucose dependent, because lowering the glucose concentration to 2.8 mM decreased the likelihood that individual cells would exhibit a greater than twofold increase of [Ca 2ϩ ] i relative to the initial level of [Ca 2ϩ ] i (Fig. 5A 2 ) . In contrast, when ␤-cells were exposed to 10 mM glucose, spontaneous oscillations of [Ca 2ϩ ] i were observed, upon which an additional increase of [Ca 2ϩ ] i was measured in response to 8-pCPT-2=-O-Me-cAMP-AM (data not shown).
Remarkably, under conditions in which human ␤-cells were equilibrated in SES containing 5.6 mM glucose, the action of 8-pCPT-2=-O-Me-cAMP-AM to increase [Ca 2ϩ ] i was retained after treatment with 10 M H-89, whereas it was nearly abolished after treatment with 200 M of the K ATP channel opener diazoxide (Fig. 5A 2 ) . Such findings are interpretable if Epac activation leads to K ATP channel closure, depolarization, and Ca 2ϩ entry through voltage-dependent Ca 2ϩ channels (36, 37) . Consistent with this concept, the action of 8-pCPT-2=-OMe-cAMP-AM to increase [Ca 2ϩ ] i was reduced after treatment with the L-type Ca 2ϩ channel blocker nifedipine (10 M) and (Fig. 5A 2 ) . Thus, under conditions of diazoxide, nifedipine, or Cd 2ϩ treatment, no statistically significant increase of [Ca 2ϩ ] i was measured in response to the ESCA-AM.
As predicted, direct measurements of the membrane potential confirmed that 8-pCPT-2=-O-Me-cAMP-AM depolarized ␤-cells and increased [Ca 2ϩ ] i (Fig. 5, B 1 and B 2 ). For cells equilibrated in SES containing 5.6 mM glucose, the mean resting potential was Ϫ58 Ϯ 6 mV, and the mean change of membrane potential in response to 10 M 8-pCPT-2=-O-MecAMP-AM was 37 Ϯ 5 mV (5 cells tested). No such depolarizing action of 8-pCPT-2=-O-Me-cAMP-AM was measured when cells were equilibrated in SES containing 2.8 mM glucose (5 cells tested).
Depolarization-induced Ca 2ϩ influx, as reported here for human ␤-cells, is unlikely to be the sole mechanism by which 8-pCPT-2=-O-Me-cAMP-AM increases [Ca 2ϩ ] i . In fact, the non-AM ester of this ESCA was previously reported to facilitate Ca 2ϩ -induced Ca 2ϩ release (CICR) from intracellular Ca 2ϩ stores in human ␤-cells (34) . The conclusions of this prior report were reached on the basis of indirect evidence in which ryanodine, a blocker of CICR (35) , abolished the action of 8-pCPT-2=-O-Me-cAMP to stimulate a transient increase of [Ca 2ϩ ] i (34) . To test directly for CICR in the mechanism by which Epac activators increase [Ca 2ϩ ] i , we used UV flash photolysis to uncage Ca 2ϩ , as studied in ␤-cells loaded with photolabile caged Ca 2ϩ (NP-EGTA-AM) (35) . Low-intensity UV excitation delivered to human ␤-cells stimulated a small (Ͻ100 nM) increase of [Ca 2ϩ ] i that resulted not from CICR but simply from the uncaging of Ca 2ϩ (Fig. 6A) . However, if identical UV excitation was paired with application of 8-pCPT-2=-O-Me-cAMP-AM (10 M), the uncaging of Ca 2ϩ resulted in a large transient increase of [Ca 2ϩ ] i (Fig. 6B ). This Ca 2ϩ transient was defined as CICR on the basis of established criteria (35) , and the mean amplitude of these Ca 2ϩ transients was 1,640 Ϯ 665 nM; n ϭ 5 cells. Thus, Ca 2ϩ uncaged from NP-EGTA-AM acted as a trigger for CICR, and this action of Ca 2ϩ was facilitated by 8-pCPT-2=-O-Me-cAMP-AM. As expected for a mechanism of ␤-cell CICR sensitized by Epac activators, the action of 8-pCPT-2=-O-Me-cAMP-AM to facilitate CICR was not blocked by H-89 (10 M), but it was abolished by ryanodine (10 M) (Fig. 6, C and D) . Interestingly, we also found that in ␤-cells loaded with NP-EGTA-AM, 8-pCPT-2=-O-Me-cAMP-AM failed to exert any effect on [Ca 2ϩ ] i in the absence of UV excitation. Although not investigated here, this finding is understandable if the Ca 2ϩ buffering action of NP-EGTA abrogates depolarization-induced Ca 2ϩ influx that normally occurs when ␤-cells are exposed to 8-pCPT-2=-O-Me-cAMP-AM. Thus, free cytosolic Ca 2ϩ may play a significant role in support of CICR and also in support of Epac-regulated processes that control the ␤-cell membrane potential. In fact, it was reported previously that the action of cAMP-elevating agent GLP-1 to inhibit K ATP channels and depolarize mouse ␤-cells was disrupted after treatment of these cells with agents that interfere with Ca 2ϩ signaling (11) . RT-QPCR for Epac1 and Epac2 mRNA. Finally, we determined the relative levels of expression of Epac1 and Epac2 mRNA in human islets. RT-QPCR was performed to determine the C T values for amplification of mRNAs corresponding to Epac1, Epac2, and the S18 ribosomal subunit mRNA serving as a reference standard (Fig. 7A) . This analysis allowed a (Fig.  7B) . By performing a subtraction of the Epac1 and Epac2 ⌬C T values, it was possible to calculate ⌬⌬C T (Fig. 7C, left) and determine the relative abundance of Epac1 and Epac2 mRNAs (Fig. 7C, right) (52) . This analysis revealed that the level of expression of Epac2 mRNA was 29.9-fold higher than that of Epac1 (Fig. 7C, right) . Thus, Epac2 is likely to constitute the predominant intracellular receptor at which 8-pCPT-2=-O-MecAMP-AM exerts its stimulatory effect on human islet insulin secretion.
DISCUSSION
Here we report the unanticipated finding that, in human islets, GSIS potentiated by a selective activator of Epac (8-pCPT-2=-O-Me-cAMP-AM) was entirely dependent on permissive PKA activity. The permissive role for PKA activity in support of Epac-regulated human islet insulin secretion was established by demonstrating that, under conditions in which these islets were treated with PKA inhibitors H-89 or Rp-8-CPT-cAMPS, the action of 8-pCPT-2=-O-Me-cAMP-AM to potentiate GSIS was nearly abolished. Importantly, we also demonstrated that human islet GSIS was potentiated by selective activators of PKA (Bt 2 -cAMP-AM, 6-Bnz-cAMP-AM) under conditions in which Epac activation was unlikely to occur. Thus, it would appear that, for human islets, GSIS potentiated by Epac activators does not occur in the absence of permissive PKA activity, whereas Epac activation might be dispensable for PKA-dependent potentiation of GSIS. Such a conclusion is in agreement with the prior studies of Hatakeyama et al. (21, 22) that highlighted the critically important role PKA plays in support of mouse islet GSIS. However, it should be noted that contrary to the conclusions of Hatakeyama et al. (21, 22) , new findings presented here provide clear evidence for an Epac-mediated stimulatory action of cAMP on human islet insulin secretion. Surprisingly, we also found that human islet GSIS measured in the absence of 8-pCPT-2=-O-Me-cAMP-AM was reduced substantially under conditions of H-89 or Rp-8-CPT-cAMPS treatment. These are unexpected findings in view of the fact that mouse islet GSIS measured in the absence of cAMPelevating agents was originally reported to be unaffected by PKA inhibitors (19, 56, 67) . Furthermore, unlike human islets, mouse islet GSIS potentiated by 8-pCPT-2=-O-Me-cAMP-AM was reported to be reduced but not abrogated under conditions of H-89 treatment (42) . Therefore, compared with mouse islets, human islet insulin secretion is critically dependent on PKA activity, so much so that PKA may be considered to be a permissive factor in support of insulin secretion that is both glucose stimulated and Epac regulated. This permissive PKA activity may reflect basal PKA activity or PKA activity stimulated by ␤-cell glucose metabolism (45) . In fact, ␤-cell glucose metabolism is linked to increased production of ATP that serves as a precursor for cAMP (38, 66) . It is also possible that glucose metabolism enhances ␤-cell cAMP production via its stimulatory effects on transmembrane adenylyl cyclases (14, 50) or soluble adenylyl cyclases (59) . Thus, it will be of interest to determine whether the PKA-dependent and Epacregulated insulin secretion reported here for human islets is supported by the activities of one or both of these two distinct classes of adenylyl cyclases.
It is also remarkable that we found that 8-pCPT-2=-O-MecAMP-AM potentiated first-and second-phase human islet GSIS measured in the presence of 10 mM glucose while failing to alter insulin secretion measured in the presence of 3 mM glucose. Furthermore, 8-pCPT-2=-O-Me-cAMP-AM exerted a glucose-dependent action to depolarize ␤-cells and to increase [Ca 2ϩ ] i . Such actions of 8-pCPT-2=-O-Me-cAMP-AM in human islets resemble the previously described membrane-depolarizing (11, 25, 64) , [Ca 2ϩ ] i -elevating (3), and insulin secretagogue actions (17, 27) of cAMP-elevating hormone GLP-1 in rodent islets. However, despite the fact that Epac2 activation most likely subserves stimulatory effects of GLP-1 on islet insulin secretion (26, 39, 54) , it is clear that GLP-1 also acts through PKA (13, 17, 24) , and in fact the full insulinotropic action of GLP-1 may arise only under conditions in which there is dual activation of both Epac2 and PKA (47) (48) (49) .
Given that 8-pCPT-2=-O-Me-cAMP-AM is established to be a selective activator of Epac proteins (7, 69) , and in view of our finding that Epac2 mRNA was expressed at levels nearly 30-fold higher than that of Epac1 in human islets, it appears that Epac2 may in fact transduce the insulin secretagogue actions of cAMP and possibly GLP-1 in human ␤-cells. However, due to the fact that Epac1 is expressed at low levels in human islets, and because the knockout of Epac1 gene expression is linked to glucose intolerance in mice (31) , the relative importance of Epac1 and Epac2 as determinants of human islet insulin secretion remains to be explored more fully.
How does one explain the PKA dependence with which 8-pCPT-2=-O-Me-cAMP-AM exerts its insulin secretagogue action in human islets? One explanation revolves around the role PKA plays as a determinant of secretory granule "recruitment" processes (60) . Evidence exists that activated PKA recruits secretory granules into a readily releasable pool (RRP) located in close proximity to ␤-cell voltage-dependent Ca 2ϩ channels (VDCCs). This RRP undergoes exocytosis in response to high concentrations (10 -20 M) of Ca 2ϩ that exist in microdomains and which form at the inner mouths of VDCCs that open in response to depolarization (4, 6 ). In the model we propose, ␤-cell glucose metabolism generates membrane depolarization, and this action of glucose is reinforced by 8-pCPT-2=-O-Me-cAMP-AM as a consequence of its ability to enhance glucose-dependent K ATP channel closure. Such a model is consistent with our finding that 8-pCPT-2=-O-MecAMP-AM depolarized human ␤-cells and with prior studies demonstrating inhibitory effects of Epac activators at the K ATP channels of human ␤-cells (36, 37) . This model is also consistent with our finding that the action of 8-pCPT-2=-O-MecAMP-AM to increase [Ca 2ϩ ] i was nearly abolished by treatment of cells with diazoxide, an opener of K ATP channels (23), or by nifedipine and Cd 2ϩ , which are blockers of VDCCs. Furthermore, we found that the disruption of intracellular Ca 2ϩ mobilization by treatment of ␤-cells with thapsigargin or ryanodine reduced but failed to block the increase of [Ca 2ϩ ] i measured in response to 8-pCPT-2=-O-Me-cAMP-AM (Holz GG, unpublished observations). Thus, we propose that under conditions in which Epac activators enhance glucose-dependent closure of K ATP channels, resultant depolarization-induced Ca 2ϩ influx triggers the release of secretory granules that must be recruited into the RRP as a consequence of basal PKA activity or possibly glucose metabolism-stimulated PKA activity. This model emphasizes the important role Epac2 plays in "proximal" or "early" events of ␤-cell stimulus-secretion coupling, and it predicts that, under conditions in which PKA activity is reduced, the action of 8-pCPT-2=-O-Me-cAMP-AM to potentiate GSIS will also be reduced, as is demonstrated here. One potential substrate mediating this action of PKA is Rip11, a Rab11-interacting protein (65) .
Evidence also exists for an ability of PKA to recruit secretory granules into a highly Ca 2ϩ -sensitive pool (HCSP), one that is capable of undergoing exocytosis in response to low concentrations (0.5-1.0 M) of Ca 2ϩ (70, 72) . It has been proposed that PKA activity increases the number of highly Ca 2ϩ -sensitive secretory granules located near the plasma membrane of ␤-cells and that these secretory granules need not be located in close proximity to VDCCs. Thus, exocytosis of the HCSP might occur in response to elevations of [Ca 2ϩ ] i that are generated by the opening of intracellular Ca 2ϩ release channels known to be expressed in ␤-cells (13, 30, 35, 44) . Importantly, earlier studies demonstrated an ability of the non-AM ester of 8-pCPT-2=-O-Me-cAMP-AM to mobilize an intracellular source of Ca 2ϩ in human ␤-cells (34) . A role for CICR in this process was inferred on the basis of the ryanodine sensitivity of the Ca 2ϩ release mechanism (34) . However, formal proof that CICR exists in human ␤-cells, and that it is facilitated by Epac activators, was not provided. Thus, the present study is notable in that Epac-regulated CICR originating from ryanodine-sensitive Ca 2ϩ stores is validated to exist in human ␤-cells, as demonstrated through the use of an experimental protocol in which Ca 2ϩ released from NP-EGTA acts as a direct "trigger" for CICR. Evidently, 8-pCPT-2=-O- Fig. 7 . RT-quantitative PCR (QPCR) for Epac1 and Epac2. A: RT-QPCR fluorescence growth curves obtained using 100 ng of human islet RNA in a single PCR reaction from islets of a single donor. Ribosomal S18 mRNA was used as the reference target for quantification of Epac1 and Epac2 mRNA. The threshold crossing value (CT) for S18 mRNA (16.1) is indicated. B: comparison of ⌬CT values obtained after averaging results of PCR reactions run for Epac1 (⌬CT 11.83 Ϯ 0.31; 10 reactions) and Epac2 (⌬CT 6.93 ϩ 0.39; 13 reactions). The ⌬CT value for each Epac isoform was calculated as the difference in threshold cycle number relative to S18. C: the ⌬⌬CT value (4.9) for Epac1 relative to Epac2 was computed by subtraction of the ⌬CT values for each isoform (left), and the relative abundance of Epac1 and Epac2 mRNA was then calculated to be 1:29.9 (right). Results in B and C are based on averaged data obtained using 2 batches of islets from 2 donors.
Me-cAMP-AM sensitizes ␤-cell intracellular Ca 2ϩ release channels to the stimulatory action of cytosolic Ca 2ϩ , thereby promoting CICR and a rise of [Ca 2ϩ ] i that is positively coupled to exocytosis (33 ATPase inhibitor thapsigargin were demonstrated to disrupt intracellular Ca 2ϩ mobilization by the non-AM ester form of 8-pCPT-2=-O-Me-cAMP-AM (35) . On the basis of such observations, we propose that, in human ␤-cells, basal PKA activity or possibly PKA activity stimulated by glucose metabolism may allow the HCSP to undergo exocytosis in response to CICR that is initiated by VDCC-mediated Ca 2ϩ influx, and that is facilitated by Epac activators. When ␤-cells are treated with PKA inhibitors, this CICR-induced exocytosis of the HCSP is expected to be disrupted.
Less well understood is what role PKA may play in support of secretory granule "priming," an ATP hydrolysis-dependent step that renders secretory granules competent to undergo exocytosis (2, 49) . One mechanism of priming in ␤-cells involves Munc13-1-assisted unfolding of syntaxin (49), a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE). Importantly, evidence exists that this action of Munc13-1 is facilitated by Rim2 (49), a substrate of PKA. It may be concluded that the insulin secretagogue actions of Epac activators in ␤-cells might be contingent on PKA activity that supports secretory granule priming. Given that Rim2 is reported to interact with Epac2 (55) , and that Epac2 interacts with the SNARE protein synaptosome-associated protein of 25 kDa to promote exocytosis (68) , it is apparent that significant cross-talk may exist between the PKA-and Epac2-dependent signal transduction pathways that regulate human islet insulin secretion.
Finally, the insulin secretagogue action of 8-pCPT-2=-OMe-cAMP-AM reported here might also be contingent on PKA activity that facilitates a "postpriming" step of exocytosis (38, 66) . Although the molecular nature of the postpriming step remains unknown, it may reflect the action of PKA to phosphorylate SNARE apparatus-associated proteins that directly regulate the Ca 2ϩ -dependent fusion of secretory granules with the plasma membrane. Since the postpriming step is proposed to be under the control of PKA activity stimulated by glucose metabolism in ␤-cells (21, 22, 38, 66) , a downregulation of the postpriming step might explain our finding that PKA inhibitors reduced human islet GSIS measured in the absence of cyclic nucleotides while also reducing the action of 8-pCPT-2=-OMe-cAMP-AM to potentiate GSIS.
In conclusion, Epac-regulated exocytosis of insulin from human islets, as reported here, is demonstrated to be stimulated by the concerted action of glucose metabolism and 8-pCPT-2=-O-Me-cAMP-AM but blocked by inhibitors of PKA. 
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